Introduction
We report here the characterization of P-and E-selectin doubly deficient mice generated by two rounds of The emigration of white blood cells to inflammatory sites homologous recombination in embryonic stem (ES) is believed to require at least four defined steps: leukocells. These mice display a phenotype reminiscent of cyte rolling along activated endothelium, leukocyte acti-LAD patients, including defects in leukocyte extravasavation, firm adhesion, and transendothelial migration tion at sites of inflammation as well as susceptibility Springer, 1995) . Several types of adheto opportunistic bacterial infections. They also exhibit sion molecules are involved in this sequential process, alterations in hematopoiesis, with elevated levels of hebut their relative importance remains unclear. The selecmatopoietic cytokines. These phenotypic characteristin family of genes, clustered on chromosome 1, contics reveal broader roles for the endothelial selectins tains three members with a common structure conthan had been suspected. taining an N-terminal lectin domain Tedder, 1995) . L-selectin is found constitutively on most Results leukocytes. Originally recognized as a lymph node homing receptor, it has also been shown to participate in Generation of P-and E-Selectin adhesion of leukocytes to endothelium and leukocyte Double-Deficient Mice rolling. P-selectin is stored in ␣ granules of platelets
The proximity of the genes encoding the selectin family and Weibel-Palade bodies of endothelial cells. Rapid (within 300 kb) precludes production of doubly deficient translocation to the plasma membrane occurs upon acmice by mating singly deficient animals. Therefore, mutants for both vascular selectins were engineered tivation. P-selectin is an important mediator of leukocyte (A) The wild-type E-selectin locus is shown in the upper line. To construct the targeting vector, the hyg r cassette was inserted into 7.1 kb of E-selectin sequence. The exons encoding the signal peptide, lectin domain, and part of the EGF domain were deleted in this process. Although HSVtk sequences were included at both ends of the targeting vector, negative selection with gancyclovir was not used owing to toxicity. Resistant clones were screened with a 5Ј probe that identifies the targeted 8.6 kb mutant and 6.7 kb wild-type SacI bands. Targeted clones were verified with AccI and NcoI. (B) Southern blot analysis of E-selectin locus from a SacI digest and PCR analysis for the P-selectin null mutation. Genomic DNA was extracted from tail biopsies of a representative litter. The fragment sizes are indicated. The first lane shows a digest of an ES cell clone, heterozygous for E-selectin, for comparison. The lower panel shows a PCR assay for P-selectin. The 480 bp band represents the targeted allele. These null mutations segregate together during meiosis. through a second round of gene targeting by homoloof wild-type genotype, indicating the presence of the desired double mutation in cis. The resulting doubly gous recombination in ES cells that were heterozygous for a P-selectin mutation . To make heterozygous animals were inter-crossed to obtain viable doubly deficient homozygous mice ( Figure 1B ). the targeting vector ( Figure 1A ), we removed a 1.9 kb genomic sequence containing exons encoding the sigDouble mutants, either heterozygous or homozygous, showed no differences in weight and reproductive ability nal peptide, the lectin domain, and part of the epidermal growth factor (EGF) domain and replaced it with a hygrocompared with wild-type littermates. The tail length of these mice was also comparable, suggesting that the mycin B resistance gene driven by phosphoglycerate kinase promoter (PGK-hyg r ). The replacement vector indevelopment of even the longest blood vessels is not impaired in double-deficient mice. Offspring from intercluded 3.2 kb and 3.9 kb of genomic DNA flanking the PGK-hyg r .
crosses of heterozygous mice were 26% (110 of 426) double homozygotes, 48% (206 of 426) heterozygotes, ES cells were electroporated, and 1326 resistant clones were picked. Four homologous recombination and 27% (113 of 426) wild-type, indicating that intact P-and E-selectin genes are not required for embryonic events were detected by Southern blot analysis ( Figure  1B ). Highly chimeric animals were generated from these angiogenesis or survival after birth. clones. Two of the four clones transmitted the mutation to their offspring. Germline transmission from one clone Verification of Null Alleles for P-and E-Selectin produced either P-selectin-deficient heterozygotes or E-selectin-deficient heterozygotes, indicating a recomWe have previously shown that the P-selectin mutation is a null mutation . To test whether binational event in trans. The progeny transmitted through the germline of chimeras from the second clone intact E-selectin mRNA is produced by P-and E-selectin double mutants (P/E Ϫ/Ϫ ) and E-selectin mutants (E Ϫ/Ϫ ), were either heterozygous for both P-and E-selectins or domain (data not shown) showed no message in P/E Ϫ/Ϫ animals. No expression of wild-type E-selectin message was seen in E Ϫ/Ϫ mice (data not shown). We performed reverse transcriptase-polymerase chain reation (RT-PCR) to detect even low levels of E-selectin mRNA. A product from wild-type, E Ϫ/Ϫ , and P/E Ϫ/Ϫ mice was obtained using primers from the second complement repeat region and the transmembrane domain (data not shown). However, no cDNA could be amplified from homozygous mutant tissue RNA with primers derived from the lectin and EGF domains ( Figure 2B ). Hearts from LPS-treated wild-type mice showed positive immunofluorescent staining for both P-and E-selectins in capillaries and small venules, whereas no detectable specific staining for E-selectin or P-selectin was visible in stimulated endothelium of double mutants. Likewise, no E-selectin protein was detectable in E Ϫ/Ϫ mice with normal P-selectin expression (data not shown).
To verify the expression of L-selectin, leukocytes were labeled with the L-selectin antibody, MEL-14, and anti-␣ M antibodies. P/E Ϫ/Ϫ mice presented increased numbers of neutrophils, all of which expressed normal levels of Mac-1. Two populations of neutrophils were found with regard to L-selectin expression, with about half of the cells showing normal levels and the rest being negative for L-selectin (data not shown). This may be due to shedding of L-selectin by activated or senescent circulating neutrophils. Nonetheless, the L-selectin gene, which lies between the mutated P-and E-selectin genes, remains functional.
P-and E-Selectin Double-Deficient Mice Exhibit Pronounced Leukocytosis and Splenomegaly
To determine whether lack of both endothelial selectins would influence leukocyte counts, peripheral blood cells were quantitated and leukocyte subpopulations were (Table 1) . We found a mean 3.9-fold elevation (A) Northern blot. Total RNA from LPS-treated wild-type (ϩ/ϩ), douof total leukocytes in the double mutants compared with ble-heterozygous (ϩ/Ϫ), and double-homozygous (Ϫ/Ϫ) mice was wild-type counterparts. Mature polymorphonuclear isolated from the hearts (H) and lungs (L). Samples were electrophoneutrophils were increased more than 16-fold and repreresed on a 1.2% agarose-0.66 M formaldehyde gel and sequentially sented more than 50% of leukocytes. Absolute numbers hybridized with the rat E-selectin, mouse P-selectin, and mouse ␤-actin probes. The 28S and 18S bands were comparable after of monocytes, eosinophils, and lymphocytes were also staining the gel with ethidium bromide (data not shown). ; we treated mice with lipopolysaccharide (LPS) to induce expression of E-selectin and up-regulation of P-selectin p < 0.001). These abnormalities suggest a role for both P-and (Bevilacqua et al., 1987; Sanders et al., 1992) . Northern blots (Figure 2A ) did not show any transcript of wild-E-selectins in leukocyte homeostasis and imply that E-selectin can be expressed without obvious infection type size for either P-or E-selectin in double mutants. A faint 3.0 kb band (Figure 2A ) may represent an aberrant or inflammation. To examine this possibility, we isolated RNA from several organs of healthy wild-type mice. By message. Rehybridization with a probe from the lectin RT-PCR, we found trace levels of E-selectin transcript comparable with those of wild-type mice. Weights of other lymphoid organs, such as the thymus and pein every organ studied ( Figure 3A) ; expression appeared ripheral lymph nodes, were also comparable between highest in the lung and bone marrow. We also examined P/E Ϫ/Ϫ and wild-type mice. Microscopic examination of mRNA by Northern blot of unstimulated heart and lung.
spleen sections disclosed an expanded red pulp ( Figure  Again , a trace of message was detected in both organs 4) and increased extramedullary hematopoietic activity ( Figure 3B ).
(EMH). Histologic examination of thymus, lymph nodes We consistently observed splenomegaly in double including Peyer's patches, kidneys, hearts, lungs, brain, mutants. Splenic weights, normalized to body weights, intestine, and skeletal muscle showed no obvious abnorfrom P/E Ϫ/Ϫ and wild-type mice were increased about malities in the double mutants. Three out of ten P/E Ϫ/Ϫ 2-fold in favor of the P/E Ϫ/Ϫ mice. Spleen weights of animals examined showed evidence of focal EMH in the mice deficient in only P-selectin (P Ϫ/Ϫ ) or E-selectin were liver. The abnormalities in the spleens and, in some cases, the livers, which were not seen in mice lacking a single endothelial selectin, indicate a greatly expanded hematopoiesis in mice deficient in both endothelial selectins.
The Double Mutation Leads to Elevated Cytokines and Alterations of Hematopoiesis
We analyzed hematopoiesis in the doubly mutant mice to seek an explanation for the elevated numbers of white Femoral bone marrow smears from wild-type (A) and P-and E-selectin double-deficient mice (P/E Ϫ/Ϫ ) (B). Mature neutrophils primers 2 and 3 (see Figure 2B ) was performed. A 1.5 kb E-selectin band was detected in every organ studied, while no detectable (arrow) account for the majority of nucleated cells of the doublemutant bone marrow with less numerous erythroid precursors (arproduct was obtained from the lungs and hearts of Ϫ/Ϫ mice. (B) Northern blot. Total RNA of unstimulated hearts (H) and lungs rowhead), whereas a normal myeloid to erythroid ratio is seen in the wild-type bone marrow. Spleen sections were stained with he-(L) of Ϫ/Ϫ and ϩ/ϩ mice was electrophoresed for Northern blot analysis and probed with the mouse lectin domain sequence. Under matoxylin-eosin. While the red pulp of wild-type spleens (C) is composed mainly of mononuclear cells, the red pulp of P/E Ϫ/Ϫ spleens (D) resting conditions, trace of E-selectin transcript is detected in the lungs and the hearts of ϩ/ϩ mice. Note the massive induction is expanded with large numbers of neutrophils (arrow) and increased hematopoietic activity, as shown by numerous erythroid precursors of E-selectin in the cardiac and pulmonary tissues of mice treated with LPS.
(arrowhead) Bar, 50 m. Differential counts of hematopoietic elements of femoral bone marrows from at least 300 nucleated cells per slide were made. Averages were obtained from six wild-type and six P/EϪ/Ϫ mice.
cells. Femoral bone marrows were extracted from wildelevation of hematopoietic cytokine production in this genotype. We therefore assayed two hematopoietic cytype and healthy-appearing 6-week-old P/E Ϫ/Ϫ mice to assess their complement of nucleated cells. Neutrotokines, granulocyte/macrophage colony-stimulating factor (GM-CSF) and interleukin-3 (IL-3), in sera of wildphilic granulocytes comprised most of the cells of the P/E Ϫ/Ϫ bone marrow extracts, with an average of 60% type, P
Ϫ/Ϫ
, and P/E Ϫ/Ϫ mice. While there was a trend toward increased levels of cytokines in mice deficient segmented bands and ring forms versus 42% in wildtype mice (Table 2) . Although differentiating myeloid in P-selectin only, doubly deficient animals presented, on average, a greater than 40-fold elevation in levels of precursors were significantly more numerous in the double-mutant mice, blast forms were not increased. In con-IL-3 relative to wild-type mice, and GM-CSF levels were increased 5-fold (Table 4) . trast, precursor cells from the erythroid lineage were underrepresented (Table 2) . Consequently, the myeloid to erythroid ratio was increased more than 5-fold. The
Occurrence of an Ulcerative Cutaneous Infection in P-and E-Selectin Double Mutants total cellularity of femoral marrows was comparable between wild-type and double-mutant mice (1.6 Ϯ 0.1 ϫ The consistent findings of leukocytosis and splenic enlargement suggested the possibility of an infection in 10 7 versus 1.9 Ϯ 0.2 ϫ 10 7 nucleated cells, n ϭ 12). Bone marrow morphology and cellular composition were northese P/E Ϫ/Ϫ mice that are potentially immunocompromised. We first sought pathogenic microorganisms in mal in P-selectin-deficient mice (Johnson et al., 1995) and in E Ϫ/Ϫ mice (data not shown). three P/E Ϫ/Ϫ mice aged 8-12 weeks. Blood cultures (for bacteria and fungi), extensive viral serologies, and a To assess myeloid and erythroid progenitor cells, we plated bone marrow and spleen cells into semi-solid search for parasites all returned negative. These results suggested that the above abnormalities were not secmedia containing appropriate hematopoietic growth factors. Colony-forming units-granulocyte/macrophage ondary to a detectable infectious process. We subsequently noticed, however, an increased incidence of a (CFU-GM) and erythroid-burst-forming units (BFU-E) were counted after 7 days. In contrast with the bone perinasal cellulitis with or without ulceration in doubledeficient mice. In a cohort of 388 wild-type (n ϭ 97), marrow, the splenic cellularity was increased 2-fold in P/E Ϫ/Ϫ mice (1.4 Ϯ 0.3 ϫ 10 8 versus 2.7 Ϯ 0.2 ϫ 10 8 ; double-heterozygous (n ϭ 190), and double-homozygous (n ϭ 101) mice, 11 double mutants developed this p ϭ 0.006), which parallels the increased spleen weight. Bone marrows from double-mutant and wild-type mice condition (all aged >8 weeks), whereas none of the heterozygotes or wild-type littermates did at a median age harbored similar proportions of CFU-GM and BFU-E (Table 3), whereas the total numbers of CFU-GM and BFU-E of approximately 11 weeks. The prevalence of the skin disorder increases with age, the majority of the mice recovered from spleens of P/E Ϫ/Ϫ mice were significantly increased ( Figure 5 ). We next assayed CFU-GM and older than 4 months being affected. Afflicted mice presented very high leukocyte counts (73,200 Ϯ 8,900, BFU-E in 14.5-day-old fetal liver. Numbers of CFU-GM and BFU-E were not significantly different between wildn ϭ 6), which is severalfold higher than that seen in asymptomatic P/E Ϫ/Ϫ mice (Table 1) . This chronic cellulitype and P/E Ϫ/Ϫ mice, suggesting that the abnormalities in hematopoiesis were acquired after birth (Table 3) .
tis, which becomes ulcerative, may evolve to the anterior cervical and upper thoracic regions ( Figure 6A ) or to The observed increased hematopoietic activity in adult P/E Ϫ/Ϫ mice might be a response to systemic periorbital areas, producing conjunctivitis. Fatalities Femoral bone marrow and splenic cells were isolated from 6-to 8-week-old mice, and fetal liver cells were obtained from day 14.5 fetuses. After disruption to single cells, the cellularity was determined by counting nucleated cells (nc). a p Ͻ 0.02, compared with wild-type mice; n ϭ 6 in each group.
were observed in mice older than 3 months. Opportunistreated littermates did. The high prevalence and the severity of this infection in mice deficient in both endotic bacteria (most commonly Staphyloccocus xylosus and Streptococcus viridans) have been recovered from thelial selectins, not observed in our colonies of mice lacking either P-selectin or E-selectin, suggest that douskin cultures of these animals. When compared with histologic sections of another chronic ulcerative dermable-deficient mice present some degree of immunodeficiency. titis occurring in C57BL/6 mice (obtained from Dr. R. Bronson, School of Veterinary Medicine, Tufts University), neutrophil numbers at the lesion sites of P/E Ϫ/Ϫ Leukocyte Rolling in Inflamed Venules Is mice were markedly reduced. The low number of neutroSeverely Impaired in P-and E-Selectin phils in lesions was also reflected by the histology of Double-Deficient Mice draining lymph nodes. These showed only few small
To evaluate the role of P-and E-selectins in leukocyte germinal centers interspersed with sheets of plasma rolling under inflammatory conditions, we treated mice cells and were devoid of macrophages and neutrophils, with tumor necrosis factor ␣ (TNF␣) 3.5 hr prior to intraviwhich normally occupy the interfollicular space of lymph tal microscopy of mesenteric venules (Table 5) . Although nodes draining suppurative lesions. Such lymph nodes baseline rolling is virtually absent in P-selectin-deficient contrast with those of healthy-appearing P/E Ϫ/Ϫ mice mice , many rolling leukocytes and may result from the impaired extravasation of neucan be observed after stimulation with TNF␣ (Ley et al., trophils. 1995) . However, the rolling flux was significantly lower To establish a causal relationship between lesions and in our analysis of P Ϫ/Ϫ mice as compared with wild-type bacteria, a cohort of healthy-appearing double-mutant animals (p ϭ 0.001). The rolling in E Ϫ/Ϫ mice after TNF␣ mice aged 5-7 weeks were given broad spectrum antibitreatment was not reduced relative to wild type (data otics for 8 weeks. Control P/E Ϫ/Ϫ littermates received not shown). Double mutants showed a 46-fold reduction regular water for the same period of time. While five in rolling compared with wild-type mice (p < 0.001) and of 12 control P/E Ϫ/Ϫ mice developed the skin infection a 20-fold decrease relative to animals lacking P-selectin (including one death), none of 11 prophylactically (p < 0.001), demonstrating that both P-and E-selectins contribute significantly to leukocyte rolling in inflamed venules. In P Ϫ/Ϫ mice stimulated with TNF␣, the affinity of leukocytes for inflamed venules seemed enhanced compared with wild-type controls, as shown by their lower velocity (p ϭ 0.02) and shape distortion, forming a uropod-like structure (Figure 7) . In contrast, the velocity of the rare rolling leukocytes seen in P/E Ϫ/Ϫ mice was, on average, much greater than in animals of the other two genotypes (p р 0.001). The number of cells adherent to the venular wall, while similar in wild-type and P-selectin knockout mice, was lower in the double mutants (p < 0.001), indicating a major combined role for P-and E-selectins in arrest of leukocytes after TNF␣ stimulation. Figure 5 . Culture Assays of CFU in the Spleen IL-3 (pg/ml) 7.4 Ϯ 2.1 12.1 Ϯ 3.0 317 Ϯ 140 Nucleated cells from spleens were isolated, and absolute numbers GM-CSF (pg/ml) 0.4 Ϯ 0.2 1.2 Ϯ 1.1 2.1 Ϯ 0.8 of CFU-GM and BFU-E were determined. CFU-GM and BFU-E were, respectively, 4.8-fold and 2.9-fold increased in P/E Ϫ/Ϫ relative mice n ϭ 12 for wild type and P/E Ϫ/Ϫ ; n ϭ 8 for P/E Ϫ/Ϫ . to wild-type mice. Double asterisks, p ϭ 0.003; number sign (#), a p Ͻ 0.05 versus wild type. p ϭ 0.03. mice in the first 4 hr (Figure 8) . However, at the 8 hr timepoint, double mutants exhibited a greater than 5-fold reduction compared with wild-type mice (p < 0.001) and a 2.5-fold reduction relative to P-selectin knockouts (p ϭ 0.02). The defect in neutrophil emigration occurred despite several times more circulating neutrophils in the double mutants. These results are consistent with the inhibition of neutrophil recruitment by anti-Pselectin antibody in E-selectin null mice (Labow et al., 1994) .
Discussion

Deficiency in Both Endothelial Selectins Markedly Perturbs Leukocyte Homeostasis
The elevation in most classes of peripheral blood leukocytes in the P/E Ϫ/Ϫ mice (Table 1 ) is significantly greater than that reported in other strains of mice deficient in various vascular adhesion molecules Sligh et al., 1993; Arbones et al., 1994; Xu et al., 1994) . Neutrophil numbers are elevated only 1-to 4-fold in these singly deficient animals. In particular, mice deficient in individual selectins show mild neutrophilia in the case of P that overtly healthy animals show elevated neutrophil counts, and even newborn pups exhibit a 3.3-fold increase, suggests that some increase in neutrophils is a Neutrophil Influx in Chemically Induced Peritonitis Is Compromised in Mice Lacking direct consequence of the absence of P-and E-selectins and is independent of bacterial infections. We have Both Endothelial Selectins P-selectin-deficient mice exhibit delayed extravasation shown greatly reduced leukocyte rolling (Table 5) and extravasation ( Figure 8 ) in the P/E Ϫ/Ϫ mice and have of neutrophils to inflamed peritoneum compared with wild-type mice . This difference, reported previously that in P Ϫ/Ϫ mice, in which rolling and extravasation are less severely compromised (Table maximal in the first 2 hr after inflammatory stimuli, narrows at the 4 hr timepoint, possibly owing to E-selectin 5; Figure 8 ; , there is an increase in neutrophil half-life (t 1⁄2 ) in the circulation (Johnson et expression. To investigate whether E-selectin plays a role in the recruitment of neutrophils to inflamed sites al., 1995). The P/E Ϫ/Ϫ mice might, therefore, be expected to show at least an equivalent increase in t 1⁄2 , with an and to determine the cooperative function of the two endothelial selectins in this activity, we intraperitoneally accompanying increase in numbers of circulating leukocytes. injected mice with thioglycollate. The rate of extravasation of neutrophils in P/E Ϫ/Ϫ mice paralleled that of P
Ϫ/Ϫ
A function for P-and E-selectins in regulating the Mice were prepared 3.5 hr after administration of TNF␣. The number of rolling leukocytes was quantitated by counting the cells passing through a perpendicular plane in 1 min. Averages were obtained from ten counts for wild-type or P-selectin-deficient mice (P Ϫ/Ϫ ) and from the entire filming period for P-and E-selectin double-deficient mice (P/E Ϫ/Ϫ ). a n ϭ 3, owing to rare leukocyte rolling; elsewhere, n ϭ 6-7. Mice were treated with TNF␣ 3.5 hr prior to intravital microscopy of the mesentery. Most leukocytes rolling in wild-type venules maintained their round shape. Adherent leukocytes are indicated by arrowheads. The rolling velocity in P-selectin-deficient venules (P Ϫ/Ϫ ) was reduced (see Table 5 ), with frequent formation of uropod-like structures (arrow) suggesting cellular activation. Leukocyte rolling was nearly absent, and the number of adherent cells was markedly reduced, in P-and E-selectin double-deficient mice (P/E Ϫ/Ϫ ). The blood flow is from top to bottom. Bar, 20 m. levels of leukocytes independent of infection or inflamthat selectin-mediated rolling might not be necessary under conditions of low shear stress (Yamada et al., mation is unexpected. Both of these selectins have pre-1995) . The phenotype of these mice shows that selectins viously been reported to be elevated only on activated are indeed necessary for effective rolling, adhesion, and endothelium. We report here that low levels of E-selectin extravasation and that their functions cannot be remRNA can be detected in many tissues of healthy wildplaced by integrins. Furthermore, our results show that type mice (Figure 3) , adding further support to the argu-L-selectin expressed on leukocytes cannot substitute ment that E-selectin, together with P-selectin, plays an for the endothelial selectins. Although L-selectin has unsuspected role in normal homeostasis of leukocytes.
been implicated in rolling ; Arbones et Basal expression of endothelial selectins, either constial., 1994) , an inducible ligand for L-selectin (unless it is tutive or in response to normal bacterial flora (or both), one of the endothelial selectins, as suggested by Picker apparently is essential for maintaining normal leukocyte et al. [1991] ) is not sufficient to mediate rolling after levels.
TNF␣ activation (Table 5) or for adequate extravasation Rolling and adherence of leukocytes in response to in response to peritoneal inflammation (Figure 8 ) or bacsuch basal expression, or at higher levels after infection terial infection (Figure 6 ). L-selectin-deficient mice show or inflammation, is clearly dependent on the endothelial no elevations in circulating leukocytes and are not subselectins, at least in mesenteric venules (Table 5 ). The ject to spontaneous bacterial infections, although they reduced extravasation of neutrophils into the skin and do show deficiencies in leukocyte recruitment to inthe development of infectious ulcerative dermatitis in duced inflammatory sites (Arbones et al., 1994) . Taken P/E Ϫ/Ϫ mice ( Figure 6 ) indicate that the same is true even together, the results on P/E Ϫ/Ϫ and L Ϫ/Ϫ mice suggest in the small vessels of the skin, where shear rates are a primary role for endothelial selectins in response to lower than in other vascular beds. It has been suggested infection and inflammation. In contrast, homing of lymphocytes to peripheral lymph nodes is markedly depressed in L Ϫ/Ϫ mice (Arbones et al., 1994) , resulting in small nodes with few germinal centers, while the size and morphology of peripheral lymph nodes appear normal in our P/E Ϫ/Ϫ mice; L-selectin appears primary in this aspect of leukocyte traffic. The defect in leukocyte homeostasis in the P/E Ϫ/Ϫ mice is as strong as that in LAD-1 patients lacking ␤2 integrins, indicating that rolling mediated by endothelial selectins is as important as adhesion mediated by ␤2 integrins. Perhaps leukocyte rolling on endothelial selectins contributes to the leukocyte activation necessary for adhesion. This idea gains some support from recent results showing a necessary role for P-selectin together with platelet-activating factor in monocyte activation (Weyrich et al., 1995) and from the activated appearance of leukocytes rolling on E-selectin alone (Figure 7 ). 
Animals Deficient in Both P-and E-Selectins Are Susceptible to
Opportunistic Skin Infections
Peritoneal lavages were performed at intervals following thioglycol-
The central importance of P-and E-selectins acting tolate administration; total cell numbers were determined with a hemogether is further underlined by the high prevalence of cytometer; and the percentage of neutrophils was obtained. Four spontaneous bacterial dermatitis in mice lacking both to ten animals of each genotype were used per timepoint except (Figure 6 ). The prevention of this dermatitis by oral antibifor 0 hr (n ϭ 3). Asterisk, p < 0.001; number sign (#), p ϭ 0.02, compared with P/E Ϫ/Ϫ .
otics indicates that these life-threatening infections are Absence of both endothelial selectins drastically reduces rolling and extravasation of leukocytes. This produces elevation of blood leukocyte numbers, probably as a consequence of increased half-life in the circulation and reduced numbers of tissue leukocytes. Cytokine levels rise, probably from a variety of causes: increased growth of endogenous bacterial flora, higher blood leukocyte levels releasing cytokines, and, possibly, feedback stimulation owing to the reduced numbers of tissue leukocytes. The elevated cytokines cause increases and alterations in hematopoiesis, further elevating the blood leukocyte numbers. Despite the excessive numbers of leukocytes in blood, tissue leukocyte numbers remain low, and subclinical bacterial infections progress to become life threatening. not secondary to nonbacterially derived (i.e., autoimSince CFU-GM and BFU-E are not elevated in fetal liver, it appears that most or all of the alterations in mune) inflammation and are due to opportunistic infections by normal bacterial flora. In other words, the abhematopoiesis arise postnatally, perhaps in response to subclinical bacterial infections ( Figure 9 ). In support sence of endothelial selectins produces a state of immunodeficiency, reminiscent of LAD-1 and LAD-2.
of this possibility, circulating leukocytes are even further increased in animals showing obvious signs of infection.
Such spontaneous infections have not been observed in other strains of mice deficient in vascular adhesion
The bone marrow exhibits a major increase in cells of the myeloid lineage, although not in the earliest precursors, molecules, including mice lacking individual selectins Arbones et al., 1994 ; Labow et CFU-GM and myeloblasts (Tables 2 and 3; Figures 4 and  5) , whereas the erythroid lineage is underrepresented al., 1994) or mice largely lacking ␤2 integrins (Wilson et al., 1993) or their ligand, intercellular adhesion molecule (Table 2) . It has been reported previously that erythropoiesis is elevated in the spleen and elsewhere when myelo-1 (Sligh et al., 1993; Xu et al., 1994) .
The development of spontaneous infections in the poiesis in the bone marrow is enhanced (Molineux et al., 1990) . Such is the case in the P/E Ϫ/Ϫ mice, which skin is likely a direct consequence of the markedly reduced leukocyte rolling and extravasation in the P/E Ϫ/Ϫ show elevated BFU-E in the spleen and EMH in the liver. CFU-GM were also elevated in the spleen. Thus, mice (Figures 6 and 8 ). This presumably leads to reduced numbers of tissue leukocytes, which would normally a plausible explanation for the altered patterns of hematopoiesis is that elevation of cytokines leads to enblock progression of these infections (Figure 9 ). Clearly, either P-or E-selectin is sufficient to preclude clinical hanced granulocytopoiesis in the bone marrow and spleen and to displacement of erythropoiesis to the infection, while L-selectin acting alone is not, and neither are ␤2 integrins, with or without cooperating ␤1 intespleen and liver ( Figure 9 ). However, it is also possible that the endothelial selecgrins. These results suggest that absence of ligands for endothelial selectins is likely the major contributor to tins participate directly in homing, proliferation, or differentiation of hematopoietic cells. Primitive hematopoietic the infectious aspects of the LAD-2 syndrome. They also raise concerns about the possible side effects of long progenitors have been reported to bind P-selectin and to express P-selectin glycoprotein ligand-1 (PSGL-1) term use of anti-inflammatory drugs that target both (Zannettino et al., 1995) . Since PSGL-1 is a signaling endothelial selectins. The further elevation of circulating molecule regulating cytokine production in monocytes leukocytes in the infected mice resembles that seen in (Weyrich et al., 1995) and is a common ligand for both both LAD syndromes during infectious episodes and P-and E-selectins (Asa et al., 1995) , it might have a role presumably reflects elevated granulopoiesis in rein regulation of hematopoietic cell functions. Notably, sponse to elevated cytokine levels induced by the devel- Banu et al. (1995, Blood 86, abstract) recently reported oping bacterial infection (Figure 9 ).
increased numbers of IL-3-responsive megakaryocyte progenitors in the bone marrow of P Ϫ/Ϫ mice compared Absence of Endothelial Selectins Causes with wild-type controls, suggesting the possibility of Alterations in Hematopoiesis negative regulation of hematopoietic progenitors by inBoth myeloid precursors and hematopoietic cytokines teractions between selectins and their ligands. It is also were significantly elevated in overtly healthy P/E Ϫ/Ϫ mice worth noting that we detect significant levels of E-selec- (Tables 2-4 ). The elevation of cytokine levels could arise tin mRNA in bone marrow of normal wild-type mice (Figfrom several causes (Figure 9 ). Elevated numbers of ure 3). The alterations in hematopoiesis in mice lacking circulating leukocytes could themselves release higher endothelial selectins may therefore originate from sevlevels of cytokines than normal. Alternatively, reduction eral mechanisms leading to either a primary or a secondin tissue leukocytes could trigger a positive feedback ary dysregulation of hematopoiesis. loop, inducing enhanced granulopoiesis. Such positive feedback loops have been invoked for other hematopoiAltered hematopoiesis has not been reported in etic lineages (Schooley and Mahlmann, 1972 template for standard PCR with oligonucleotides from the second Technology; Stratagene) were screened with a 289 bp PCR product complement repeat (5Ј-AAA TCC TGG GAG CTA CCC-3Ј) and the from the lectin domain of mouse E-selectin. The genomic clones transmembrane domain (5Ј-CAG GAG TGA GGT TCC TGC-3Ј) of were subcloned into pBluescript (Stratagene). The XhoI-ClaI PGK-E-selectin. hyg r cassette (XhoI blunted) was inserted between the 3.2 kb NsiIBamHI (BamHI blunted) and 3.9 kb NsiI-SmaI genomic sequences.
Immunofluorescence Staining, Flow Cytometry, The resulting 9.1 kb fragment was inserted between two HSVtk and ELISA cassettes (see Figure 1A) . The final 17.5 kb construct was linearized Cardiac tissues were snap frozen. Cryostat sections (5 m) were with NotI for transfection. fixed in 3.7% (v/v) formaldehyde and permeabilized in 0.5% Triton X-100 in phosphate-buffered saline (PBS). Tissue sections were Cell Culture, Transfection, and Selection incubated for 30 min with rat polyclonal antibody to mouse E-selec-D3 ES cells, clone 32, heterozygous for a P-selectin null mutation tin (provided by Dr. B. Wolitsky of Hoffmann-La Roche) 1:100, folwere cultured on mitotically inactivated mouse embryonic fibrolowed by a 30 min incubation at 37ЊC with fluorescein-conjugated blasts (MIMEF) in standard ES cell medium . goat antibody to rat IgG (Cappel) 1:100. Leukocytes in whole blood ES cells were electroporated (240 V, 500 F) with 25 g of linearized were stained for flow cytometry for 30 min at room temperature with DNA construct and plated on STO feeder cells (Sawai et al., 1991) fluorescein-conjugated rat monoclonal antibody to L-selectin (MELresistant to hygromycin B in ES cell medium with increased LIF 14; Pharmingen) 1:50 and phycoerythrin-conjugated rat monoclonal (2 ϫ 10 3 U/ml). Hygromycin B (150 g/ml) was added 24 hr postantibody to the mouse ␣ M subunit (Boehringer-Mannheim) 1:50 or transfection. Clones were picked from days 6 to 9 and grown without phycoerythrin-conjugated rat monoclonal antibody to mouse myselection drugs on MIMEF.
eloid differentiation antigen (Gr-1) 1:50. Analysis of 150,000 events was performed on FACSCAN flow cytometer (Becton-Dickinson).
Southern Blot Analysis to Identify Targeted Clones
Enzyme-linked immunosorbent assays (ELISAs) for IL-3 and GMGenomic DNA was isolated from ES cells and CSF were performed as suggested by the manufacturer (Endogen). digested with SacI, and fragments were separated on a 1% agarose gel. The DNA was transferred to nylon membrane (Zeta-Probe). A Blood Counts, Bone Marrow Analysis, Histology, and 600 bp MscI-BamHI genomic fragment upstream to the targeting Antibiotic Administration construct was used as a probe. Blots were prehybridized and hybridBlood was obtained by retro-orbital venous plexus sampling in polyized in 0.75 M sodium phosphate (pH 7.0), 1 mM EDTA, 7% SDS, propylene tubes containing EDTA. Blood from neonatal mice was 1% bovine serum albumin (BSA), 100 g/ml salmon sperm DNA at harvested by severing the jugular vein with fine scissors and was 65ЊC for 12-18 hr. Filters were then washed twice in 50 mM sodium collected as above using heparin-coated capillary tubes. Complete phosphate, 1% SDS, 1 mM EDTA, 0.5% BSA and twice in the same blood counts were determined using an automatic cell counter solution without BSA at 65ЊC. DNA from positive clones was probed (Coulter) and differential counts on Wright-stained smears (Harleco). with hyg r to ensure a single integration of the targeting vector. The Reticulocyte counts were obtained by staining blood for 10 min integrity of the previous P-selectin mutation was assessed by anausing a 1:1 dilution of 5 g/l methylene blue solution. The percent of lyzing BamHI genomic digests .
reticulocytes was assessed by counting 1000 erythrocytes from smears. Femoral bone marrows were flushed with 50 l of PBS with Generation of Chimeric Mice and 10 mM EDTA, and smears from the cell suspension were made.
Genotyping of Progeny
Formalin-fixed tissues were paraffin embedded, sectioned, and Chimeric animals were prepared as described previously (Mayadas stained with hematoxylin-eosin. To prevent the occurrence of bacteet al., 1993) , and genomic DNA of F1 generation was analyzed by rial dermatitis, mice were treated orally with trimethoprim (24 mg/ hybridizing sequentially Southern blots of BamHI digests with the dl) and sulfamethoxazole (120 mg/dl) in water for 8 weeks. E-selectin, P-selectin, hyg r , and neomycin probes as described above. Genotyping of subsequent generations was performed by PCR assays for P-selectin, E-selectin, or both. The P-selectin assay Hematopoietic Colony Formation Assays Femurs were dissected and washed in sterile cold Hanks' balanced used forward primers from exon 3 of murine P-selectin (5Ј-TTG TAA ATC AGA AGG AAG TGG-3Ј) and from the PGK promoter of the neo r salt solution (HBSS). Both ends were trimmed, and the marrow plug
